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T he best-known physiological effect of angiotensin II (Ang II) acting in the central nervous system (CNS) is modulation of body fluid and cardiovascular homeostasis. Ang II, acting primarily via Ang II type-1 (AT 1 ) receptors located in central cardiovascular control regions, causes increases in blood pressure, 1 water intake, 2 vasopressin release, 3 and sympathoexcitation. 1 Dysregulation of central angiotensinergic signaling mechanisms is associated with numerous pathological cardiovascular conditions. 4 Therefore, elucidating the intracellular signaling mechanisms by which Ang II modulates neuronal activity is critical to our understanding of central Ang II-dependent cardiovascular diseases such as hypertension and heart failure.
We have recently identified reactive oxygen species (ROS), particularly superoxide anions (O 2
•Ϫ ), as key signaling intermediates in Ang II-stimulated activation of CNS neurons. Increased scavenging of cytoplasmic O 2
•Ϫ in key cardiovascular regulatory nuclei in the brain causes marked attenuation of the pressor effects elicited by Ang II administered either directly into the CNS 5 or via the systemic circulation. 6 More recently, our studies have shown that a Rac1-activated NADPH oxidase complex is the primary source of Ang II-induced O 2 •Ϫ production in neurons. 7 Although these studies have identified an important functional role of O 2 •Ϫ in central Ang II-mediated cardiovascular responses, the signaling mechanisms of O 2 •Ϫ in Ang IImediated neuronal activation remain to be identified.
A potential downstream target of Ang II-induced O 2
•Ϫ production may involve Ca 2ϩ signaling. It is well established that Ang II stimulates an increase in total Ca 2ϩ current and a decrease in total K ϩ current, 8 which leads to an increase in neuronal firing rate by controlling action potential generation. 9, 10 Interestingly, in neurons, it has been shown that ROS induce an increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) that has been linked to cellular toxicity and neurodegenerative diseases. In fact, it is postulated that ROS may alter numerous proteins involved in Ca 2ϩ signaling and neuronal firing, including voltage-gated K ϩ and Ca 2ϩ channels. [11] [12] [13] Whereas these studies have provided important evidence for a signaling cascade that involve both ROS and Ca 2ϩ in neurotoxicity, the cross-talk between these two important intermediates in Ang II signaling mechanisms involved in the central regulation of cardiovascular function remains to be investigated.
The goal of this study was to address the hypothesis that Ang II-stimulated increases in neuronal [Ca 2ϩ ] i involves ROS generation. Using the mouse neuroblastoma cell line Neuro-2A, recently shown to express high levels of AT 1 receptors, 14 we modulated O 2
•Ϫ levels with adenoviral vectors encoding either the cytoplasm-localized superoxide dismutase (AdCuZnSOD) or a dominant-negative isoform of an essential component of NADPH oxidase activation, Rac1 (AdN17Rac1). Measuring Ang II-induced increases in [Ca 2ϩ ] i via Fura-2 ratio fluorescence imaging, our results show that Ang II-mediated Ca 2ϩ influx through voltage-sensitive Ca 2ϩ channels involves NADPH oxidase-derived O 2
•Ϫ production.
Materials and Methods

Adenoviral Vectors and Gene Transfer
Neuro-2A cells obtained from ATCC (Manassas, Va) were grown on 25-mm coverslips, as described previously. 7 Cells were infected with recombinant adenoviral vectors encoding ␤-galactosidase (AdLacZ), cytoplasm-targeted superoxide dismutase (AdCuZnSOD), or the dominant-negative mutant of Rac1 (AdN17Rac1) 24 hours before experimentation. Each of these viral vectors were constructed and characterized as described in detail previously. 7, 15 
[Ca 2؉ ] i Measurements
Ang II-stimulated changes in intracellular calcium concentration ([Ca 2ϩ ] i ) were assessed by Fura-2 fluorescence ratio imaging using a microscopic digital imaging system (Photon Technology International) as described previously. 16 -18 Briefly, subconfluent Neuro-2A cells grown on 25-mm coverslips were loaded with the Ca 2ϩ -specific dye Fura-2 by incubating with 1 mol/L Fura-2AM (Molecular Probes) at 37°C for 30 minutes. To examine the role of AT 1 receptors, Neuro2A cells were treated with the AT 1 receptor antagonist losartan ( •Ϫ production. In both experiments, to control for possible effects of the adenoviral vector itself, cells were treated with AdLacZ (100 pfu/cell).
Detection of O 2
•؊ Generation
Changes in O 2
•Ϫ generation in Neuro-2A cells after Ang II (5 mol/L) were measured using the fluorogenic probe dihydroethidium (DHE; 5 mol/L, Molecular Probes, Inc) as described. 7 To confirm the fidelity of the assay, separate cultures were transfected with AdCuZnSOD (100 pfu/cell) 24 hours before DHE loading.
Statistics
Data were analyzed by Student t test when comparing only 2 groups and by ANOVA, followed by Newman-Keuls correction for multiple comparisons when comparing Ͼ2 groups. Data were expressed as meanϮSEM and differences were considered significant at PϽ0.05.
Results
Ang II Stimulates an Increase in [Ca 2؉ ] i in Neuro-2A Cells
A number of studies have shown that Ang II produces an increase in [Ca 2ϩ ] i in primary neurons cultured from the CNS. 8, 16, 17, 20 Our initial experiments were designed to confirm this effect of Ang II in Neuro-2A cells. The rationale for choosing this cell line was 2-fold. First, these cells have been shown to express high levels of AT 1 receptors through rigorous expression quantification methods. 14 Second, our recent studies showed that Ang II induces an AT 1 receptordependent increase in O 2
•Ϫ generation in this cell line via NADPH oxidase activation. 7 Data presented in Figure 1A show the Ang II-elicited response of all cells in the field of view from a representative coverslip. Similar to the response described in primary neurons cultured from the brain, 16, 17, 20 Ang II caused a time-dependent increase in [Ca 2ϩ ] i in Neuro-2A cells, which peaked between 20 to 30 seconds after stimulation and then returned to near basal levels by 60 seconds. This response was virtually abolished in cells pretreated with losartan ( Figure 1A ), suggesting that similar to primary neurons, the Ang II-induced increase in [Ca 2ϩ ] i in Neuro-2A cells is mediated by the AT 1 receptor. Summary data given in Figure 1B show Figure 2B ). In contrast, the Ang II-stimulated increase in peak [Ca 2ϩ ] i was completely abolished in Ca 2ϩ -free medium compared with Ca 2ϩ -containing medium ( Figure 2B ).
Ang II-Induced Influx of Extracellular Ca
2؉ Involves Voltage-Sensitive Channels
Although data presented in Figure 2 Figure 4A Figure 4A ). Importantly, adenoviral infection itself did not affect the Ang II response, because AdLacZ-treated cells exhibited the same robust time-dependent increase in [Ca 2ϩ ] i (nϭ21 cells on 1 coverslip; Figure 4A ), as seen in noninfected cells (Figure 1 ). Summary data in Figure 4B show •Ϫ production, we measured O 2 •Ϫ generation in Ang II-stimulated Neuro-2A cells using the DHE. As we have shown previously, 7 Ang II caused a significant timedependent increase in DHE fluorescence in cells bathed in normal Ca 2ϩ -containing medium ( Figure 5 ). Interestingly, despite complete abolition of Ang II-induced increases in [Ca 2ϩ ] i by Ca 2ϩ -free medium, cells bathed in this medium showed a similar increase in O 2
•Ϫ formation as cells bathed in normal medium. These data suggest that Ang II-stimulated increases in O 2
•Ϫ production in Neuro-2A cells are independent of changes in cytosolic Ca 2ϩ . It should be noted that Ang II-induced increases in DHE fluorescence were significantly inhibited in cells pretreated with losartan, as we have previously reported, 7 and in cells infected with AdCuZnSOD 24 hours earlier (Figure 5) , thus corroborating the fidelity of the assay for measuring O 2
•Ϫ levels. In addition, there was no increase in DHE fluorescence over 30 minutes in vehicletreated cells 7 (data not shown).
Discussion
We have previously identified O 2 •Ϫ as a novel signaling intermediate in the actions of Ang II in CNS neurons. 5Ϫ7 Given the evidence that increased [Ca 2ϩ ] i plays a critical role in Ang II-stimulated neuronal activation, 23 channels. This response was markedly attenuated by gene transfer of either cytoplasm-targeted SOD or a dominantnegative isoform of Rac1 (AdN17Rac), an obligatory subunit for NADPH oxidase complex activation and O 2 •Ϫ production. These data provide the first evidence that the Ang II-induced influx of extracellular Ca 2ϩ in neuronal cells is mediated by increased O 2
•Ϫ anion formation. A further important finding is that the increase in O 2
•Ϫ production is independent of the associated Ca 2ϩ entry. Together, these data suggest that O 2
•Ϫ -induced modulation of Ca 2ϩ influx is an important factor in Ang II signaling in neurons.
Our initial studies characterizing the Ang II-stimulated Ca 2ϩ response in Neuro-2A cells were designed to establish the feasibility of using this cell line to study the interplay between Ang II, Ca 2ϩ , and ROS in neurons. It has been shown by a number of investigators that Ang II stimulates an increase in [Ca 2ϩ ] i in primary neurons derived from key central cardiovascular control regions, 8 including the subfornical organ 17 and area postrema. 16 For example, Sumners et al have shown that Ang II stimulation of hypothalamic neurons leads to inositol 1,4,5-triphosphate generation and the subsequent increase in [Ca 2ϩ ] i . 8 Gebke et al demonstrated that in neurons cultured from the subfornical organ or organum vasculosum of the lamina terminalis the Ang II-stimulated increase in [Ca 2ϩ ] i is dependent on the presence of extracellular Ca 2ϩ . 20 In support of these findings, Sumners et al reported that Ang II-induced activation of neurons cultured from the hypothalamus and brain stem is, at least in part, caused by the stimulation of Cd 2ϩ -sensitive voltage-gated Ca 2ϩ channels. 8, 9 These studies have been further extended with the identification of N-type Ca 2ϩ channels as the primary •Ϫ scavenger MnTBAP, as well as by NADPH oxidase inhibitors gp91ds-Tat and apocynin. 26 These exciting new studies taken together with our current work strongly support the notion that NADPH oxidase-derived O 2
•Ϫ radicals are key signaling intermediates in the Ang II-induced increase in [Ca 2ϩ ] i and neuronal activation.
Although our present study demonstrates that Ang IIinduced influx of extracellular Ca 2ϩ in neurons involves O 2
•Ϫ production, we can only speculate about the mechanism by which this occurs. It is possible that O 2 •Ϫ itself acts on specific redox-sensitive amino acids of Ca 2ϩ channels, thus altering either the opening or closing kinetics of the channels. ROS have been shown to increase neuronal Ca 2ϩ current by regulating the opening of Ca 2ϩ channels, possibly by oxidizing amino acid residues within the Ca 2ϩ channel complex. 11 Moreover, Ciorba et al reported that the reversible oxidation of a methionine residue in a voltage-sensitive potassium channel modulated channel activity. 13 An alternative hypothesis is that O 2
•Ϫ and other ROS alter membrane phospholipids, thereby modifying the ionic conductance of channel proteins. 27 •Ϫ production in the central nervous system may be an important new therapeutic target in cardiovascular diseases associated with increased central Ang II signaling and neuronal activation, including hypertension and heart failure.
